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Quasars are rapidly accreting supermassive black holes at the cen-
ter of massive galaxies. They display a broad range of properties
across all wavelengths, reflecting the diversity in the physical con-
ditions of the regions close to the central engine. These properties,
however, are not random, but form well-defined trends. The domi-
nant trend is known as Eigenvector 1, where many properties cor-
relate with the strength of optical iron and [O III] emission1–3. The
main physical driver of Eigenvector 1 has long been suspected to be
the quasar luminosity normalized by the mass of the hole (the Ed-
dington ratio)4, an important quantity of the black hole accretion
process. But a definitive proof has been missing. Here we report
an analysis of archival data that reveals that Eddington ratio in-
deed drives Eigenvector 1. We also find that orientation plays a
significant role in determining the observed kinematics of the gas,
implying a flattened, disklike geometry for the fast-moving clouds
close to the hole. Our results show that most of the diversity of
quasar phenomenology can be unified with two simple quantities,
Eddington ratio and orientation.
The optical and ultraviolet spectra of quasars show emission lines
with a wide variety of strengths (equivalent width, EW) and velocity
widths. However, despite their great diversity in outward appearance,
quasars, in fact, possess surprising regularity in their physical proper-
ties. A seminal principal component analysis1 of 87 low-redshift broad-
line quasars discovered that the main variance (Eigenvector 1, or EV1)
in their optical properties arises from an anti-correlation between the
strength of the narrow [O III] λ5007 and broad Fe II emission. Along
with other properties that also correlate with Fe II strength2,3,5, these
observations establish Eigenvector 1 as a physical sequence of broad-
line quasar properties. In the two-dimensional plane of Fe II strength
(measured by the ratio of Fe II EW within 4434-4684 A˚ to broad
Hβ EW, RFe II ≡ EWFe II/EWHβ) and the full-width-at-half-maximum
of broad Hβ (FWHMHβ), Eigenvector 1 is defined as the horizontal
trend with RFe II , where the average [O III] strength and FWHMHβ
decrease1,2. Figure 1 shows the EV1 sequence for ∼ 20, 000 broad-
line quasars drawn from the SDSS6,7 (see Supplementary Information,
SI, for details regarding the sample).
The statistics of the SDSS quasar sample allows us to divide the
sample into bins of RFe II and FWHMHβ (the gray grid in Figure 1)
and study the average [O III] properties in each bin. Figure 2 shows
the average [O III] line profiles in each bin, as a function of L, the
quasar continuum luminosity measured at 5100 A˚. In addition to the
Eigenvector 1 sequence, the [O III] strength also decreases with L,
following the Baldwin effect8,9 initially discovered for the broad CIV
line10. The [O III] profile can be decomposed into a core component,
centered consistently at the systemic redshift, and a blueshifted, wing
component. The core component strongly follows the EV1 and Bald-
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Figure 1 | Distribution of quasars in the EV1 plane. The horizontal axis is
the relative Fe II strength, RFe II , and the vertical axis is the broad Hβ FWHM.
The red contours show the distribution of our SDSS quasar sample, and the points
show individual objects. We color-code the points by the [O III]λ5007 strength,
averaged over all nearby objects in a smoothing box of ∆RFe II = 0.2 and
∆FWHMHβ = 1000 km s
−1
. The EV1 sequence1 is the systematic trend
of decreasing [O III] strength with increasing RFe II . The gray grid divides this
plane into bins of FWHMHβ and RFe II , in which we study the stacked spectral
properties.
win trends, while the wing component only shows mild decrement with
L and RFe II (SI and Extended Data Figures 1-2). This may suggest
that the core component is mostly powered by photoionization from
the quasar, while the wing component is excited by other mechanisms,
such as shocks associated with outflows11.
In addition to the strongest narrow [O III] lines, all other optical
narrow forbidden lines (e.g., [Ne V], [Ne III], [O II], [S II]) show sim-
ilar EV1 trends and Baldwin effect. Hot dust emission detected us-
ing WISE12, presumably coming from a dusty torus13,14, also increases
with RFe II . In the SI (and Extended Data Figures 3-7) we summarize
all updated and new observations that firmly establish the Eigenvector
1 sequence.
The [O III] emitting region is photoionized by the ionizing con-
tinuum from the accreting black hole (BH). But the Eigenvector 1
correlation of [O III] strength with RFe II holds even when optical lu-
1
minosity is fixed, as demonstrated in Figure 2. This suggests that
another physical property of BH accretion changes with RFe II , one
that, in turn, affects the relative contribution in the ionizing part of
the quasar continuum as seen by the narrow-line region. The most
likely possibility is the BH mass MBH, or equivalently, the Edding-
ton ratio L/MBH, since L is fixed. The much less likely alternative
would be that the [O III] narrow-line region changes as a function of
RFe II . Reverberation mapping (RM) studies of nearby active galac-
tic nuclei (AGN)15 have suggested that a virial estimate of MBH may
be derived by combining the broad-line region size RBLR (measured
from the time lag between continuum and emission-line variability)
and the virial velocity of the line-emitting clouds estimated from the
line width: MBH,vir ∝ RBLRFWHM2Hβ/G. The average FWHMHβ
does decrease by ∼ 0.2 dex when RFe II increases from 0 to 2, and
this fact underlies the earlier suggestion that Eigenvector 1 is driven by
Eddington ratio4,16.
A remarkable feature in Figures 1 and 2 is that the sequence is
predominantly horizontal: there is little trend with FWHMHβ at fixed
RFe II . The standard virial mass estimators15,17 would suggest that there
is a strong vertical segregation in MBH, by a factor of a few in the ver-
tical bins in Figure 1. If lower MBH (or higher Eddington ratio) leads
to weaker [O III] as in the Eigenvector 1 relation (i.e., the horizontal
trend), we should also see a vertical trend in Figure 1. The absence of
such a trend suggests that there is substantial scatter between FWHMHβ
and the actual virial velocity, and the vertical spread in FWHMHβ in the
EV1 plane largely does not track the spread in true BH masses.
We propose, instead, that the sequence in RFe II is driven by MBH;
but the dispersion in FWHMHβ at fixed RFe II is due to an orientation
effect, as expected in a flattened broad-line region geometry. We first
demonstrate that the average MBH indeed decreases with RFe II for our
quasar sample. We achieve this by measuring the clustering of SDSS
quasars with low and high RFe II values. In the hierarchical clustering
Universe, more massive galaxies (which contain more massive BHs)
form in rarer density peaks and are more strongly clustered18. We there-
fore expect quasars with larger RFe II are less strongly clustered. This
exercise, however, has a stringent requirement on sample statistics, and
is not possible until now. Here we take advantage of the largest spec-
troscopic sample of galaxies from SDSS-III19, and use the much larger
(by a factor of∼ 40) galaxy sample to cross-correlate20 with our quasar
sample at z ∼ 0.5 to substantially improve the clustering measure-
ments. The resulting cross-correlation functions are shown in the left
panel of Figure 3, for the two quasar subsamples divided at the median
RFe II . A significant clustering difference is detected at 3.48σ: quasars
with largerRFe II indeed are less strongly clustered, confirming that they
have on average lower MBH.
In the Eigenvector 1 plane (Figure 1), the distribution in FWHMHβ
at fixed RFe II is roughly lognormal, with mean value decreasing with
RFe II and a dispersion of ∼ 0.2 dex (Extended Data Figure 8). We ar-
gued above that this dispersion is largely orientation-induced FWHM
variations in the case of a flattened broad-line region geometry. For
a small subset of quasars that are radio-loud (∼ 10% of the popula-
tion), it is possible to infer the orientation of the accretion disk, and
by extension, the broad-line region, using resolved radio morphology
to deduce the orientation of the jet. Such studies21,22 show that high-
inclination (more edge-on) broad-line radio quasars have on average
larger FWHMHβ , in accordance with the orientation hypothesis. Be-
low we perform a different test for the more general radio-quiet quasar
population, and we provide further evidence to support this argument
in the SI and Extended Data Figures 9-10.
We compile a sample of 29 low-redshift AGNs with literature
broad-line region size measurements from RM15, host stellar velocity
dispersion (σ∗) measurements23, and optical spectroscopy24 . We use
the well-established local MBH − σ∗ relation25 to independently esti-
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Figure 2 | Average [O III] profiles in the EV1 plane. Each panel shows the
stacked [O III]λ5007 line of quasars in the RFe II−FWHMHβ bins defined by
the gray grid in Figure 1 (in the same layout). RFe II increases from left to right,
and FWHMHβ increases from bottom to top. In each bin we further divided the
quasars into different luminosity bins using the measuredL5100 continuum lumi-
nosities. We have normalized the line fluxes by the (host-corrected) average quasar
continuum luminosity L5100 for each stacking subset; hence, these stacked lines
reflect the relative [O III] strength among different samples. In addition to the de-
crease of [O III] strength when RFe II increases (i.e., Figure 1), we also observe a
decrease in [O III] strength with increasing luminosity8,9 . The [O III] profile is in
generally asymmetric, with a blueshifted wing, whose relative contribution to the
total profile increases when RFe II or luminosity increases.
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Figure 3 | Cross-correlation functions between different quasar subsamples
and a galaxy sample. Left: difference in the clustering strength when the quasar
sample is divided by the median RFe II . A significant difference (3.48σ) is de-
tected: quasars with strongerRFe II are less strongly clustered, indicating they have
on average smaller BH masses. Right: difference in the clustering strength when
the quasar sample is divided by the virial BH mass estimates based on FWHMHβ .
No significant difference (1.64σ) is detected, indicating there is substantial over-
lap in the actual BH masses between the two subsamples due to the uncertainties
in these FWHM-based virial BH masses. Orientation-induced FWHMHβ disper-
sion can naturally lead to such uncertainties. Error bars are measurement errors
estimated with jackknife resampling (SI).
2
1000 10000
FWHMHβ [km s−1]
0.1
1.0
10.0
100.0
f ≡
 
G
M
BH
,σ
*
/(R
BL
R
FW
H
M
H
β
2 
   
)
 MBH,σ*<10
7.3
 M
O •
 MBH,σ*=10
7.3-8.3
 M
O •
 MBH,σ*>10
8.3
 M
O •
Figure 4 | The effect of orientation on FWHMHβ . The large symbols represent
the 29 low-redshift AGNs that have both reverberation mapping data and host
stellar velocity dispersion (σ∗) measurements. The small symbols represent a low-
redshift SDSS AGN sample26 with σ∗ and AGN spectral measurements based on
spectral decomposition. We use the stellar velocity dispersion measurements and
the local relation between BH mass and σ∗ from inactive galaxies25 to estimate
the BH mass (MBH,σ
∗
) in these objects. We also estimate the average broad-line
region size (RBLR = cτ , where c is the speed of light, and τ is the measured RM
lag) in these objects, either from direct RM measurements, or by using the tight
correlation between the broad-line region size and AGN luminosity27 . The ratio
of MBH,σ
∗
to the product of RBLRFWHM2Hβ/G (i.e., the virial coefficient f )
is plotted as a function of FWHMHβ , for different MBH,σ
∗
values. The strong
trends of f with FWHMHβ at a given MBH,σ
∗
suggest that the dispersion in
FWHMHβ does not reflect the underlying virial velocity of the broad-line region
gas, and tend to bias the BH mass estimates. This is in line with the fact that there
is little vertical trend in the [O III] strength in the EV1 plane (Figure 1).
mate BH masses for the 29 AGNs. We supplement the 29 local AGNs
with a sample of ∼ 600 SDSS AGNs26, where the host stellar veloc-
ity dispersion was estimated from spectral decomposition of the SDSS
spectrum into AGN and host galaxy components, and the broad-line
region size RBLR was estimated using the tight correlation between
RBLR and the AGN luminosity found in RM studies27. We can then
define a virial coefficient, f ≡ GMBH/(RBLRFWHM2Hβ). At a given
MBH, f should not depend on FWHMHβ, if the latter is a faithful in-
dicator of the broad-line region virial velocity. However, if FWHMHβ
is orientation-dependent as suggested above, f will be anti-correlated
with FWHMHβ .
Indeed, there is a strong dependence of f on FWHMHβ at fixed
MBH, shown in Figure 4, consistent with the orientation hypothesis.
A direct consequence is that the standard virial BH mass estimates
using FWHMHβ are subject to a significant uncertainty (∼ 0.4 dex)
due to this orientation dependence. To test this, we perform the same
cross-correlation analysis as above, but for quasar subsamples divided
by their virial BH mass estimates based on FWHMHβ . The results
are shown in Figure 3: there is no significant detection (1.64σ) in the
clustering difference between the two quasar subsamples. This is in
accordance with there being substantial overlap in the true BH masses
between the two subsamples, due to the uncertainty in virial BH mass
estimates induced by using FWHMHβ . The division by RFe II provides
a cleaner separation of high-mass BHs from low-mass ones in our sam-
ple.
The collective evidence from this work leads to a rather simple in-
terpretation of the observed main sequence of quasars (Figure 1): the
average Eddington ratio increases from left to right, and the dispersion
in FWHMHβ at fixed RFe II is largely an orientation effect. The many
physical quasar properties correlated with Eigenvector 1 are then uni-
fied as driven by changes in the average Eddington ratio of the BH
accretion. While we do not discuss any physical model here, we sug-
gest that the trends with the Eddington ratio are most likely caused
by the systematic change in the shape of the accretion disk continuum
and its interplay with the ambient emitting regions, which may in turn
change the ionizing continuum as seen by the emission-line regions by
modifying the structure of the accretion flow.
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Supplementary Information
1 Main Quasar Sample and Spectral Decomposition
The main quasar sample of this study is drawn from the SDSS DR7
quasar catalog (6), which contains more than 20,000 quasars at z < 0.9
for which the Hβ-[O III] region is covered in the SDSS spectra. We
use the improved redshift estimates (28) for these SDSS quasars. Our
SDSS quasar sample probes a redshift range 0.1 ≤ z ≤ 0.9 and a
luminosity range of L5100 ≈ 1044−45.5 erg s−1, where we adopt a
flat ΛCDM cosmology with Ω0 = 0.3 and H0 = 70 km s−1Mpc−1
throughout.
We measure the continuum and emission-line properties for Fe II,
Hβ and [O III] using functional fits to the spectra. The details of the
spectral fits are described in early work (7, 29). In short, several contin-
uum windows around the spectral region of Hβ-[O III] is fit by a power-
law continuum plus a Fe II template (1) to form a pseudo-continuum;
this pseudo-continuum is subtracted from the spectrum, leaving an
emission-line-only spectrum. A set of Gaussians is then fit to the broad
and narrow emission lines. The narrow-line component of Hβ is mod-
elled using constraints from the narrow [O III] lines; we fix the offset
and line width of narrow Hβ to those of the narrow [O III]λλ4959,
5007 doublet. In cases where the [O III] doublet shows a prominent
blueshifted wing, we fit [O III]λ4959 and [O III]λ5007 with double
Gaussians, one for the core component and the other for the wing com-
ponent. Narrow Hβ is then tied to the core [O III] component. The
broad Hβ component is fit with three Gaussians. In addition, we fit
two Gaussians to account for the narrow and broad HeII λ4686. We
determine the line FWHM and rest-frame equivalent width (EW) for
broad Hβ and [O III]λ5007, as well as the rest-frame EW of the op-
tical Fe II emission within 4434-4684 A˚. As common practice, we use
the ratio, RFe II = EWFeII/EWHβ , to indicate the strength of the opti-
cal Fe II emission. For other emission lines, the term “strength” refers
to the rest-frame EW (or line luminosity normalized by the continuum
luminosity), unless otherwise specified.
The spectral decomposition generates the emission-line-only spec-
tra (i.e., with the pseudo-continuum removed) and the narrow-line-only
spectra (i.e., with both the pseudo-continuum and the broad Hβ compo-
nent removed), with which we create stacked spectra binned in quasar
properties.
2 Summary of Quasar Properties Along Eigenvector
1 (EV1)
Here we summarize all the quasar properties that correlate with
the EV1, using our large SDSS quasar sample, combined with other
multi-wavelength datasets and additional quasar samples. This
exercise updates the known EV1 correlations with improved samples
and adds new quantities to the EV1 sequence.
[O III] as an EV1 correlator
The strong anti-correlation between the [O III] strength and the op-
tical Fe II strength in the original EV1 correlation is shown in Figure
1. The dots are individual objects, color-coded by the average strength
of the [O III]λ5007 line (i.e., EW[OIII]); for each object, we compute
an average EW[OIII] by taking the median value of all the points within
a smoothing box of ∆RFe II = 0.2 and ∆FWHMHβ = 1000 km s−1
centered on that object. We plot the object only if there are more than
50 objects in the smoothing box. This is similar to measuring the av-
erage value from the composite spectrum of all the objects in that bin.
This way we can better visualize the smooth trend in the average prop-
erties. Given the large number of objects in each smoothing box, the
statistical uncertainty in the average value is negligible, with a median
error of ∼ 0.016 dex and 99.6% of the time below 0.06 dex.
The dominant trend in the colormap of Figure 1 is the decrease of
the [O III] strength when RFe II increases, well known as the EV1 cor-
relation (1). However, there is little vertical trend in the [O III] strength
when FWHMHβ changes. We have broken down the distribution in
individual luminosity bins, and found similar results; quasars with dif-
ferent luminosities occupy similar space in this plane, and follow the
same trend with RFe II in terms of [O III] strength (although the average
[O III] strength depends on luminosity, as described below).
To investigate the behavior of the [O III] line in theRFe II-FWHMHβ
plane, we generate composite spectra in bins of RFe II and FWHMHβ ,
and as a function of L5100. The RFe II-FWHMHβ bins are shown in the
gray grid in Figure 1. In each bin, we divide the objects into 6 dif-
ferent luminosity bins, and generate the median composite spectra us-
ing the individual narrow-line-only (i.e., pseudo-continuum and broad
Hβ removed) spectra following our spectral decomposition. In detail,
we take each narrow-line-only flux density spectrum, shift it to rest-
frame, rebin onto a common wavelength grid (with a 1 A˚ dispersion)
and then convert to a luminosity density spectrum using the luminos-
ity distance of the quasar. The composite spectrum is generated by
taking the median luminosity density at each wavelength pixel for all
quasars in that RFe II-FWHMHβ-luminosity bin. An error spectrum is
generated by dividing the 68% semi-interquantile range of the luminos-
ity densities by the square root of the number of objects contributing
to each pixel. A composite spectrum is shown only if there are more
than 60 objects in the stack for that bin. Typically there are more than
100 objects in each bin, and the statistical uncertainty (i.e., the error
spectrum) of the resulting composite spectrum is by all means negligi-
ble compared to the observed trends (for example, median S/N> 5
or much higher per 1A˚ pixel within ±1000 kms−1 of [O III]), and
hence is suppressed in Fig. 2 and Extended Data Fig. E3 for clarity.
Finally we scale each line luminosity density by the median contin-
uum luminosity L5100 of each RFe II-FWHMHβ-luminosity bin, such
that the relative flux between different composites reflects the [O III]
strength. In the last step we also corrected the average host contami-
nation at 5100 A˚, using the empirical relation derived using the same
SDSS quasar sample (7), which only affects the lowest-luminosity bins
with log(L5100,total/erg s−1) < 45.053:
L5100,host/L5100,AGN = 0.8052− 1.5502x+ 0.9121x
2 − 0.1577x3
(1)
where x+ 44 ≡ log(L5100,total/erg s−1) < 45.053.
Figure 2 shows that [O III] is weaker in larger RFe II bins but similar
in different FWHMHβ bins when RFe II is fixed, as indicated in Figure
1. In addition, [O III] is weaker for higher quasar luminosities, known
as the [O III] Baldwin effect (8-10). However, as already mentioned
above, at fixed luminosity, the trend of [O III] strength with RFe II still
holds from the left to the right columns in Figure 2. This means that the
change (i.e., the EV1 anti-correlation between Fe II and [O III] strength)
is either due to a systematic change in BH mass (hence Eddington ra-
tio), or, less likely, changes in the narrow-line region properties asRFe II
increases.
Another notable feature in Figure 2 is that the [O III] line profile
can be decomposed into a core component, centered nearly at the sys-
temic velocity, and a wing component, blueshifted from the systemic
velocity by a few hundred km s−1, similar to those seen in individual
objects. For the individual composite spectra shown in Figure 2, we
fit the two components with double Gaussians for the [O III]λλ4959,
5007 doublet and obtain the total flux, FWHM, and velocity shift of
each component. We show the resulting [O III]λ5007 luminosity, nor-
malized by L5100, as a function of L5100 in Extended Data Figure E1,
for both the core and the wing components. Here again L5100 is cor-
rected for host contamination following the above empirical recipe, and
different colors show different RFe II bins. The measurement uncer-
tainties of [O III] properties are estimated using Monte Carlo trials of
5
mock spectra, generated using the estimated error arrays in the coad-
ded spectra. These measurement uncertainties are generally negligible
compared to the observed trends. The weakening in the total [O III]
emission as luminosity increases is primarily due to the weakening of
the core component – the wing component remains more or less con-
stant. On the other hand, whenRFe II increases, both [O III] components
are weakened, with the wing component again weakening at a slower
pace.
Extended Data Figure E2 shows the detailed kinematic properties
of [O III]. The most significant trends are the slight correlation with
luminosity of the FWHM of the core component and the velocity offset
from systemic velocity of the wing component. In addition, there is a
slight correlation between the velocity offset of the wing component
and Fe II strength.
The qualitative and quantitative differences between the core and
wing [O III] components suggest that the two may have different ori-
gins. While the core component may be dominantly excited by pho-
toionization, the blueshifted wing component may be more related to
shocks associated with outflows (11). As luminosity or Eddington ra-
tio increases, the underlying spectral energy distribution (SED) from
the accreting BH changes shape (30,31), which leads to changes in the
core [O III] strength (see more discussions in §5). Of course, these are
simply speculations and detailed follow-up studies are needed to test
various possibilities.
A point worth noting here is that the peak of the core [O III]
component is generally consistent with the systemic velocity (28)
to within ∼ 50 kms−1, and is also consistent with the peak from
low-ionization narrow lines such as [O II] (see Extended Data Fig. E3).
However, a single Gaussian fit to the overall [O III] profile may yield a
blueshift relative to systemic, due to the contamination from the wing
component.
Other Emission Lines
We find that all the high-ionization (e.g., with an ionization po-
tential equal to or higher than that of [O III], ∼ 35 eV) lines covered
in the SDSS spectrum have similar behaviors as [O III] in terms of the
change of line strength asRFe II and luminosity change. Low-ionization
lines (such as Mg II, [O II], [S II]), on the other hand, have similar but
slightly weaker trends as RFe II or luminosity changes. We show in
Extended Data Figure E3 several examples of Hβ, Mg II, [O II] and
[Ne V], in the same bins defined in the RFe II−FWHMHβ plane. As a
high-ionization line, [Ne V] also shows a blueshifted wing component
similar to [O III]. Therefore, the original EV1 relation between [O III]
and optical Fe II strengths applies to all high-ionization lines.
There are two additional results from Extended Data Figure E3:
(a) the UV Fe II strength near the Mg II line does not correlate with
the optical Fe II strength; (b) the broad Mg II FWHM is correlated with
FWHMHβ , as confirmed in individual quasars (29, 32).
We augment these optical measurements with CIV properties,
using an additional sample of ∼ 130 low-redshift quasars with both
optical spectra covering Hβ (24) and UV spectra covering CIV from
various data archives of space-based satellites (FUSE, HST, IUE).
We measure the properties of CIV, Hβ and Fe II in the same way as
described above. Extended Data Figure E4 shows the distribution
of this additional sample in the EV1 plane, color-coded by the CIV
EW. A clear trend of decreasing CIV strength with RFe II is observed,
similar to other high-ionization lines. This trend is real, since the
typical measurement uncertainty in CIV EW is only ∼ 7% (relative).
Although we do not have enough statistics to divide this low-redshift
sample by luminosity, CIV strength is well known to decrease with
luminosity based on studies of high-redshift quasars, discovered as
the original Baldwin effect (10). These trends also seem to correlate
with the kinematic properties of CIV such as the blueshift and line
asymmetry (2, 33). However, we note that the geometry of the CIV
broad-line region (BLR) may be different from that for the Hβ BLR —
the main focus of this work — as inferred from the different properties
of these broad lines (22, 32, 34, 35).
Mid-Infrared Properties
Extended Data Figure E5 examines trends with optical-infrared
color. We have matched our SDSS quasar sample to the WISE all-
sky survey source catalog (12). More than 80% of our quasars have a
WISE counterpart detected within 0.5” of the optical position, the typi-
cal astrometric precision for sources brighter than 16 mag in the WISE
W 1 band (3.4µm). In the following we only use the W 1 band, but
we emphasize that similar results are found for the other WISE bands
at longer wavelengths as well. The top panel shows the distribution of
quasars in the EV1 plane, colored-coded by the r−W 1 color, where the
optical SDSS r-band magnitudes have been corrected for Galactic ex-
tinction. To limit the effect of band shifting due to redshift, we restrict
our sample to 0.4 < z < 0.8. To first order, there is a trend of redder
optical-WISE color toward higher RFe II , indicating higher relative flux
in the mid-infrared than in the optical when RFe II increases. The mid-
infrared emission in WISE bands mostly comes from hot dust (here we
use “hot dust” to refer to quasar-heated torus dust, as opposed to the
hottest dust at the inner edge of the torus) in the torus region, while
the optical continuum comes from the accretion disk (AD). Therefore
this trend suggests more efficient torus emission in high-RFe II objects,
where the Eddington ratio is higher as argued in this work. Of course,
the actual structure and emission of the torus may be substantially more
complicated, which may explain the clumpy features in Extended Data
Fig. E5 for the optical-IR colors. Our analysis is not intended to fit
realistic torus models, but simply to show that, to first order, there is a
clear enhancement of torus emission along the EV1 sequence.
We can also study the distribution of the excess r − W 1 color,
∆(r−W 1), the deviation from the median color at each redshift. This
color excess removes the effect of band shifting with redshift and can
be used to indicate the relative strength of torus to AD emission. Such a
colormap is shown in the right panel of Extended Data Figure E5, using
all SDSS quasars with the relevant measurements. A similar global
trend is observed along the EV1 sequence, with higher RFe II quasars
having more torus emission relative to the disk emission.
It might be tempting to connect the anti-correlation between the
[O III] strength and RFe II to the correlation between the torus emission
and RFe II . If the increasing (relative) infrared emission along EV1 is
caused by an increasing torus covering factor, the resulting solid angle
of the [O III] ionization cone will decrease along EV1, which will lead
to a decreasing [O III] strength. However, the relative torus emission
only increases by ∼ 40% from RFe II = 0 to RFe II = 2, while the av-
erage [O III] strength decreases by at least a factor of 5 over the same
RFe II range (Figure 1). Therefore, a pure geometric effect (enhanced
torus covering factor along EV1) cannot explain the observed EV1 cor-
relation in terms of the [O III] strength — the change in the underlying
quasar SED along EV1 is a more plausible explanation (see §5).
In a similar spirit to our investigations on the emission lines, we
study the average optical-infrared color in bins of FWHMHβ and RFe II ,
and as a function of luminosity. Extended Data Figure E6 shows the re-
sults, in terms of the average color excess ∆(r−W 1) in each bin. We
see increased relative torus emission when RFe II increases, as in Ex-
tended Data Figure E5. In fixed RFe II bins, we see increasing relative
torus emission when FWHMHβ increases. This effect is subtle, only
∼ 20 − 30% in the relative sense, which may explain why this was
not detected in small samples with substantial object-by-object varia-
tions (36). While alternative explanations may exist, this is consistent
with the orientation scenario, wherein larger FWHMs indicate more
edge-on systems, where the optical luminosity is reduced by a cos I
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factor (where I is the inclination angle with I = 90◦ corresponding
to edge-on), and/or suffer more from dust extinction than the infrared
luminosity. To test the latter possibility, we have checked the optical
g − i colors in the same bins as in Extended Data Fig. E6, but did not
find strong evidence that more edge-on systems suffer more extinction
in the optical (after accounting for the apparent reddening in the optical
due to host contamination in low-luminosity bins). We therefore con-
clude, under the orientation scenario, that the geometrical reduction in
the optical luminosity from an inclined AD is the main reason for the
increasing relative torus emission when FWHMHβ increases (see more
discussion in §5). Finally, there is a mild trend of decreasing relative
torus emission when luminosity increases (especially at the highest lu-
minosities), in accord with earlier studies (37).
The finding of an EV1 sequence in terms of mid-infrared emis-
sion is new, and motivates more realistic torus models to constrain
quantitatively the structure of the torus along the quasar EV1 sequence.
X-ray Properties
Finally, it is known that the soft X-ray photon index ΓX (fE ∝
E−ΓX ) increases along the EV1 sequence (3, 5). We matched our
SDSS quasars with the Chandra Source Catalog (CSC, 38) and the
XMM-Newton Serendipitous Catalog (39) with a matching radius of
1”, and found ∼ 120 matches. We show the distribution of these
matched quasars in the EV1 plane in Extended Data Figure E7, color-
coded by ΓX, which for Chandra sources were taken directly from the
CSC master table (which are consistent with those measured in [40])
and for XMM-Newton sources were taken from [41]. The measure-
ment uncertainties in ΓX are typically ∼ 10% (relative uncertainty;
1σ) for the Chandra sources, and ∼ 20% for the XMM sources. We
find that ΓX increases systematically with RFe II , consistent with early
results (3, 5) and with the known tendency for ΓX to steepen with in-
creasing Eddington ratio (5, 42).
3 Orientation-Induced Dispersion in FWHMHβ
It is known from observations of radio-loud quasars that FWHMHβ
can be affected by orientation (21, 22), such that high-inclination (more
edge-on) systems have, on average, larger FWHMHβ . The Hβ-emitting
portion of the BLR presumably has a flattened geometry aligned with
the AD, whose inclination can be estimated from the radio morphology
of the jet. Although most (∼ 90%) quasars are radio-quiet, it is gener-
ally expected that orientation should play some role in determining the
measured line-of-sight line widths of the general quasar population.
Motivated by the lack of variation of [O III] properties on
FWHMHβ at fixed RFe II , as well as observations of radio-loud quasars,
we have suggested that most of the dispersion in FWHMHβ seen at
fixed RFe II is actually due to the orientation effect of a flattened BLR
geometry. We now examine this possibility in detail.
Dispersion in FWHMHβ
We show in Extended Data Figure E8 the dispersion of the logarith-
mic FWHMHβ as a function of RFe II and in different luminosity bins.
The dispersion in FWHMHβ is roughly 0.15− 0.25 dex at fixed RFe II .
There is a slight trend of increasing dispersion in FWHMHβ when lumi-
nosity decreases, possibly caused by the possibility that the Eddington
ratio distribution (hence BH mass distribution) at fixed luminosity is
broader at faint quasar luminosities. This additional dispersion in BH
mass is translated into FWHMHβ , and broadens the total dispersion in
FWHMHβ at fixed luminosity. This additional broadening is neverthe-
less small, ∼ 0.1 dex in FWHMHβ comparing the distributions at the
lowest and highest luminosity bins. This is in line with the idea that
most of the dispersion in FWHMHβ at fixed RFe II is due to orientation.
The average FWHMHβ decreases with RFe II , which could be due
to real changes in the virial velocity of the BLR gas, in which case
the average FWHMHβ can be used to estimate the BH mass along
the RFe II sequence. On the other hand, the dispersion in FWHMHβ
at fixed RFe II is due largely to an orientation effect as argued in this
work, implying a flattened geometry for the BLR. In the latter case,
the variation in FWHMHβ at fixed RFe II does not reflect changes in the
BH mass.
Dependence on Radio Morphology
As mentioned earlier, a small subset (∼ 10%) of quasars are radio-
loud, and the radio jet morphology can be used to estimate the orien-
tation of the AD. Studies of resolved radio morphology of small (of
order 50) samples of low-redshift radio quasars have shown an anti-
correlation between the radio core dominance and FWHMHβ (21, 22).
Here we perform a similar test using our SDSS quasar sample. A small
fraction of quasars in our sample are detected in the FIRST radio sur-
vey (43). For simplicity we define the FIRST-detected quasars as the
“radio-loud” sample and the undetected quasars as the “radio-quiet”
sample, which is different from the traditional definition of radio-
loudness. As FIRST is a shallow radio survey, ∼ 90% of the FIRST-
detected quasars satisfy the traditional definition of being radio-loud
(7). We can determine a rough radio morphology based on the number
of FIRST sources detected around the quasar (44): for quasars that have
only one FIRST source within 30” we match them again to the FIRST
catalog with a matching radius 5” and classify the matched ones as
core-dominant radio quasars. Those that have multiple FIRST source
matches within 30” are classified as lobe-dominated. There are∼ 1600
core-dominant and ∼ 400 lobe-dominated quasars in our sample for
which we also have Fe II and Hβ measurements. Although this mor-
phological classification of the radio-detected quasars is by no means
perfect and introduces significant mixture of true radio morphologies
between the two subsets, on average we expect the core-dominant ob-
jects are more pole-on than the lobe-dominant objects. There is no
significant difference in the mean quasar luminosity between the two
radio subsets.
Extended Data Figure E9 shows the contours in the RFe II and
FWHMHβ plane for both the radio-loud and radio-quiet quasars in
our SDSS sample. We also show the median FWHMHβ at fixed
RFe II , for both core-dominant and lobe-dominant quasars, in this EV1
plane. At fixed RFe II , core-dominant objects have systematically lower
FWHMHβ than lobe-dominant objects, consistent with the orientation
hypothesis. In addition, the radio-detected population shifts to lower
RFe II and larger FWHMHβ compared with the radio-quiet population.
This is a well known result (2, 16, 33), consistent with the notion that
radio-loud quasars preferentially reside in more massive and lower
Eddington ratio systems (16, 45).
Tests with Independent BH Mass Estimates
The orientation scenario posits that most of the dispersion in
FWHMHβ at fixed RFe II does not reflect the changes in the virial ve-
locity of the BLR. Therefore the traditional virial BH mass estimates
based on FWHMHβ will lead to a FWHM-dependent bias. Below we
test this idea using additional quasar samples for which the BH masses
can be estimated using independent methods.
The first sample are the 29 local AGNs with reverberation map-
ping (RM) data, for which stellar velocity dispersion measurements
are available (23, 46-52). We have measured the Hβ and Fe II prop-
erties using single-epoch spectra (24) for these objects, with the same
fitting procedure as for the SDSS quasars. We estimate the BH masses
using the observed relation between stellar velocity dispersion and the
BH mass for local inactive galaxies (25). The virial coefficient, which
determines the relation between FWHMHβ and the underlying virial
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velocity, can be defined as:
f =
GMBH,σ∗
RBLRFWHM2Hβ
, (2)
where MBH,σ∗ is the BH mass estimated from the MBH − σ∗ relation
(25), and RBLR is the BLR size measured from RM for these objects
(15, 46, 53-55). We neglect the time variability between the single-
epoch spectroscopy and the RM measurements of the BLR size. If
FWHMHβ traces the virial velocity well, then at fixed BH mass there
should be little trend of f with FWHMHβ . The dominant uncertainty in
the estimation of f comes from the intrinsic scatter in theMBH−σ∗ re-
lation (25) rather than measurement errors (i.e., σlog f ∼ 0.3 dex). This
systematic uncertainty in f is substantial, which may be responsible for
most of the vertical scatter in Figure 4, but cannot drive a correlation
with FWHMHβ .
Figure 4 shows the results, where we divide the σ∗-based BH
masses into three bins. There is a clear segregation among objects with
different BH masses: more massive BHs tend to have larger FWHMHβ
on average, indicating that FWHMHβ does play some role in determin-
ing the BH mass. This statement is also supported by the fact that when
FWHMHβ is used in the single-epoch virial mass estimates, the corre-
lation between these virial masses with σ∗-based BH masses is closer
to a linear relation than that without using FWHMHβ (i.e., assuming a
constant FWHM for all objects). However, in each mass bin, there is an
apparent trend of the virial coefficient with FWHMHβ , suggesting that
most of the variance in FWHMHβ at fixed BH mass is uncorrelated with
the virial velocity (hence the BH mass). Naturally, orientation-induced
variations in FWHMHβ explain the observed trend of f with FWHMHβ
at given BH mass. The dispersion in FWHMHβ at fixed true BH mass
(based on σ∗) is about 0.2 dex, introducing a factor of ∼ 2.5 scatter in
the virial BH mass estimates based on FWHMHβ (from single-epoch
spectroscopy) at fixed true BH mass.
To improve the small-number statistics based on the RM sample,
we use the stellar velocity dispersion measurements for a sample of
∼ 600 low-redshift SDSS AGNs obtained from spectral decomposi-
tions of the AGN spectrum and the host spectrum (26). These SDSS
AGNs typically have lower luminosity than our SDSS quasar sample
in this study, such that the host galaxy spectrum can be decomposed
from the AGN spectrum. We estimate the BLR sizes for this sample
using the observed tight RBLR−L relation based on RM (27), and the
BH masses using the same MBH − σ∗ relation. The results are shown
as colored dots in Figure 4. Although there are different systematics
with the two samples, it is reassuring that both produce similar trends.
Dependence on Broad Line Shape
If the Hβ-emitting portion of the BLR has a flattened, disklike ge-
ometry, as we suggest, then FWHMHβ is sensitive to orientation, as
it measures the core of the line profile. The BLR gas motion should
also include a turbulent component, whose velocity distribution is more
isotropic. The second moment of the line (i.e., line dispersion, σ) is
more sensitive to this isotropic component than FWHM, as its mea-
surement includes the extended wings of the line profile. Therefore,
the shape of the broad line as measured by the ratio FWHM/σ should
be an indicator of the orientation of the disk component of the BLR
(56, 57).
Extended Data Figure E10 shows the EV1 plane in which the ob-
jects are color-coded by FWHM/σ. We measure σ of broad Hβ from
our multiple-Gaussian model fits. This approach allows us to measure
σ without the need to truncate the spectrum at some wavelength in or-
der to avoid noisy wings. A pattern of FWHM/σ is apparent, such that
at fixed RFe II FWHM/σ increases toward larger FWHMHβ . This is ex-
pected in our orientation scenario: at fixed RFe II , FWHMHβ increases
when the BLR disk is viewed more edge-on, but σ is less affected by
orientation, leading to a larger FWHM/σ ratio when the inclination
increases. It is remarkable that the color transition in Extended Data
Figure E10 is not purely vertical, but more or less parallel to the aver-
age FWHMHβ at each RFe II . This reinforces the idea that orientation
governs the distribution of FWHMHβ at fixed RFe II , and the average
FWHMHβ at fixed RFe II corresponds to the average inclination angle
of the BLR disk.
4 Details on the Clustering Analysis
Our investigation so far strongly supports the idea that the vertical
dispersion (in FWHMHβ) in the EV1 sequence is largely an orientation
effect. A corollary is that samples divided using the FWHM-based
virial BH masses will have large overlap in their true masses. On the
other hand, the optical Fe II strengthRFe II is most likely correlated with
the Eddington ratio, and hence for our main SDSS sample the average
BH mass should decrease from left to right in the EV1 plane. Most of
the quasars in our main SDSS sample are too luminous to decompose
the spectrum to estimate the host galaxy stellar velocity dispersion to
yield a BH mass estimate independently without using FWHMHβ .
To circumvent this problem, we turn to quasar clustering to in-
fer the sample-averaged BH mass. More massive BHs are associated
with more massive galaxies, which are in turn more strongly clustered
(18). This exercise has been challenging previously, because detecting
a clustering difference between low-mass and high-mass quasars re-
quires good sample statistics, and the largest quasar samples to date
still do not have enough statistics to measure a potential clustering
difference among different quasar subsamples using auto-correlation
functions (58).
The recent large spectroscopic surveys of SDSS-III (59) provide
the largest spectroscopic sample of massive galaxies (19) at 0.3 < z <
0.9, making it possible to cross-correlate quasars with galaxies (20) in
the same redshift range for which we have the relevant quasar EV1
spectral measurements. The usage of a much larger galaxy sample
to cross-correlate with the quasar sample can greatly improve quasar
clustering measurements by reducing shot noise from low pair counts
in quasar auto-correlation function measurements. The clustering dif-
ference we look for is subtle and requires superior measurement qual-
ity. Cross-correlation boosts the signal-to-noise ratio in the clustering
measurements by a factor of ∼
√
NG/NQ over the auto-correlation
of quasars, where NG and NQ are the number of galaxies and quasars
in our cross-correlation samples, respectively. The cross-correlation
function (CCF) is determined by the auto-correlation functions of both
sets of tracers; for the same galaxy sample, a stronger cross-correlation
signal with a quasar subset will indicate a stronger intrinsic clustering
of this quasar subset. Our cross-correlation analysis represents the best
measurement of quasar clustering in this redshift range, where our cur-
rent SDSS quasar sample lies. We follow the same approach as Shen
et al. (20) to measure the CCF between different quasar subsets and the
galaxy sample, to see if a difference can be detected. The details re-
garding the galaxy sample, the cross-correlation technique and error es-
timation can be found in that paper. Here we only give a brief overview
of the technical details regarding the clustering (cross-correlation) mea-
surements.
We select the SDSS DR7 quasars (6) and the SDSS-III DR10
CMASS galaxies (19) that are in the same overlapping area (∼
4100 deg2). We remove a relatively small number of quasars that were
not targeted by the final quasar target selection algorithm (60) in SDSS
DR7 to construct a flux-limited (i < 19.1) quasar sample. Both the
CMASS galaxy and the quasar samples are restricted to 0.3 < z < 0.9,
where most of the CMASS galaxies lie. Most quasars in our clustering
sample then have the proper spectral measurements in the Hβ-[O III]
region. Our final clustering samples include ∼ 350, 000 galaxies and
∼ 7, 800 quasars. Random catalogs were generated using the same an-
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gular geometry and redshift distributions of the CMASS galaxy sample
used.
Following the general practice of clustering measurements, we es-
timate the 1D and 2D redshift space correlation functions ξs(s) and
ξs(rp, pi) using the Davis & Peebles estimator (61): QG/QR − 1,
where QG and QR are the normalized numbers of quasar-galaxy and
quasar-random pairs in each scale bin, s is the pair separation in red-
shift space, and rp (pi) is the transverse (radial) separation in redshift
space. To reduce the effects of redshift distortions, we use the projected
correlation function (61)
wp(rp) = 2
∫
∞
0
dpi ξs(rp, pi) . (3)
In practice we integrate ξs(rp, pi) to pimax = 70h−1Mpc, and this
cutoff is taken into account when fitting a model correlation function
to the data.
To estimate errors in the projected correlation function wp(rp), we
use jackknife resampling by dividing the clustering samples into Njack
spatially contiguous and roughly rectangular regions with equal area,
and creating Njack jackknife samples by excluding each of these re-
gions in turn. We measure the correlation function for each of these
jackknife samples, and the covariance error matrix is estimated as:
Cov(i, j) =
Njack − 1
Njack
Njack∑
l=1
(ξli − ξ¯i)(ξ
l
j − ξ¯j) , (4)
where indices i and j run over all bins in the correlation function, and
ξ¯ is the mean value of the statistic ξ over the jackknife samples. The
full covariance matrices will be used in our model fitting to the data.
We consider two divisions of our main quasar sample, aiming at
separating high-mass quasars from low-mass ones. The first division
is based on the FWHM-based virial BH masses (7, 17); we divide the
quasar sample by the median virial BH mass. The second division is
based on RFe II , whereby we divide the sample by the median RFe II
value. We then measure the CCF between the two subsamples and the
galaxy sample, and compare the measurements for both divisions. In
both cases the redshift evolution of clustering is negligible given the
narrow redshift range of our samples and the similar redshift distribu-
tions among different quasar subsamples.
The resulting CCFs are shown in Figure 3 for the two sample di-
visions. To compare the clustering strength among different samples,
we fit simple power-law models, ξ(r) = (r/r0)−γ , to the CCFs. We
fit to the range rp = 0.2 − 50 h−1 Mpc and use the full covariance
matrix in the χ2 fit (20). We fix γ = 1.7, the best-fit slope for the
whole sample, and use the best-fit correlation length r0 to indicate the
clustering strength. For the division based on virial BH masses, we
do not detect a significant difference (1.64σ) in the clustering strength,
with r0 = 6.31 ± 0.25 h−1 Mpc and 6.95 ± 0.30 h−1 Mpc for the
two quasar subsamples. This is expected: as we argued before, ori-
entation leads to a large dispersion in FWHMHβ (and hence virial BH
masses) and dilutes the intrinsic difference in BH masses between the
two subsamples. On the other hand, we detect a significant (3.48σ)
difference in the clustering strength when the quasar sample is divided
by RFe II , with r0 = 5.80 ± 0.29 h−1 Mpc and 7.11 ± 0.24 h−1 Mpc
for the two quasar subsamples. This result strengthens our earlier point
that the sequence from left to right in the EV1 plane is increasing in
Eddington ratio, and hence on average decreasing in BH mass for our
main quasar sample. This is by far the only significant detection to date
of the dependence of quasar clustering on a physical property.
5 The Quasar Main Sequence
The observed systematic trends of multi-wavelength quasar proper-
ties in the EV1 plane (RFe II versus FWHMHβ) lead to a simple, coher-
ent picture of broad-line quasars: (a) RFe II is primarily correlated with
Eddington ratio, although there might be a significant scatter around
this correlation, such that at fixed RFe II there is still a dispersion of Ed-
dington ratios; (b) the range of FWHMHβ at fixed RFe II includes a sub-
stantial component due to orientation effects such that more edge-on
systems have on average larger FWHMHβ , indicating a flattened BLR
geometry, although the current analysis does not constrain the detailed
structure of the postulated BLR disk, such as its thickness and radial
extent.
Under this framework, all observed correlations between physical
properties and RFe II can be interpreted as due primarily to changes in
the Eddington ratio. These physical properties include: strength of
narrow emission lines (in particular the high-ionization lines), relative
amount of torus emission, and X-ray spectral slope. All these prop-
erties are relevant to processes in the proximity of the accreting BH,
and thus are likely tied to the accretion process itself. Changes in the
Eddington ratio will lead to changes in the underlying SED from op-
tical to X-rays (30, 31), which in turn modulates photoionization pro-
cesses. In particular, this change in SED preferentially changes the
relative strength between the ionizing (EUV/X-ray) continuum and op-
tical/UV continuum, and therefore more greatly affects high-ionization
lines than low-ionization lines. The idea of SED variations has been
applied to explain the Baldwin effect of CIV (62), and the same mech-
anism may apply to all emission lines that are powered by photoioniza-
tion. In addition, there may be accompanying changes in the structure
of the accretion flow and other physical processes such as accretion
disk wind driving and X-ray gas shielding (33, 62, 63). One possi-
bility is that the AD thickness as well as flaring towards the BH may
change with Eddington ratio, which may lead to changes in the illu-
mination configuration of the NLR. Another possibility is that changes
in the accretion flow modify the structure of a possible optically thick
gas component in the inner AD (64), which blocks some fraction of
the emission from the inner accretion region and modifies the incident
ionizing continuum as seen by the photoionized gas.
This simple framework can be extended to include BH mass as a
third parameter to unify both high-luminosity quasars and low-mass
broad-line AGNs with substantially lower luminosities than the quasar
sample considered here. When such low-mass systems are included
in the EV1 plane (Fig. 1), they will follow similar trends, with their
[OIII] strength increased following the Baldwin effect. The nature of
the Baldwin effect is unknown, but could be related to BH mass (or
luminosity) that also plays a role in determining the accretion flow in
addition to the Eddington ratio.
Orientation plays an important role in broadening the distribution
of FWHMHβ , as expected from a flattened geometry for the BLR. The
dispersion in FWHMHβ at fixed RFe II is largely dominated by the ori-
entation effect; it does not reflect real changes in the underlying virial
velocity of the BLR and therefore changes in the BH mass. Although
the average FWHMHβ at fixed RFe II does correlate with the BH mass
(as confirmed by clustering analysis), individual FWHMHβ measure-
ments introduce substantial scatter in the virial BH mass estimates and
dilute the intrinsic distinction in BH masses. The observed dependence
of FWHMHβ on radio morphologies, the distribution of line shape in
the EV1 plane, and the relative prominence of torus emission to disk
emission at fixed RFe II are all consistent with this orientation interpre-
tation.
The postulated BLR disk should be coplanar with the AD (or the
BLR itself could be an extension of the AD). Assuming the optical lu-
minosityL5100 comes from an optically-thick, geometrically-thin stan-
dard AD, the observed L5100 should also have an orientation bias. This
is hinted by the excess optical-IR color shown in Extended Data Fig.
E6. In our scenario, at fixed RFe II , the vertical bins in Fig. 1 represent
a change in orientation of the BLR disk (and the AD). The change in
the relative optical luminosity to IR luminosity along vertical bins is
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best explained by the orientation bias in optical AD luminosity (see
Extended Data Fig. E6), assuming that the IR luminosity is isotropic.
Denoting I as the inclination angle between the normal of the disk
and line-of-sight (LOS), the orientation bias reduces the AD luminos-
ity by a factor of cos I from face-on. Since the reduction in the relative
optical-IR luminosity is roughly 20-30% (∼ 0.2 mag) across the ver-
tical direction in Extended Data Fig. E6, this orientation bias in AD
luminosity translates to Imax ≈ 45◦, where Imax is the maximum
inclination for the quasar to be a broad-line object. This Imax corre-
sponds to an average inclination angle of 〈I〉 = 30◦ (assuming ran-
dom orientation of the disk normal to the LOS). All these are quite
reasonable numbers for type 1 quasars. We also emphasize that be-
cause SDSS is a shallow flux-limited survey, most of the quasars in
our sample are likely seen close to face-on, and the distribution of in-
clination may be quantitatively different from that of other samples
with heterogeneous selection. In particular, an average inclination of
〈I〉 = 30◦ for the AD (and by extension, the postulated BLR disk) indi-
cates a virial coefficient of fσ = 8 for the average conversion between
LOS broad-line width (second moment, σ) and virial velocity V (i.e.,
σ2 = 1
2
V 2 sin2 I = V 2/fσ , neglecting turbulent broadening). This
virial coefficient is fully consistent with the empirically derived values
of fσ ∼ 6 based on the BH mass-bulge scaling relations (50, 65), con-
sidering the fudge factors in the average inclination angle and the un-
known turbulent broadening s (e.g., in practice σ2 = 1
2
V 2 sin2 I+ s2,
hence the actual virial coefficient fσ = V 2/σ2 < 2sin2 I ). Therefore,
the orientation bias from a thin standard AD only introduces < 30%
variation inL5100 in the vertical bins in Fig. 1, which is consistent with
no apparent trend in the [OIII] strength.
On the other hand, while the AD luminosity change due to orien-
tation is small, the change in the line width will be substantial. The
line width scales as sin I . Hence from Imax = 45◦ to 〈I〉 = 30◦
there is a factor of ∼ 1.5 change; changing from 〈I〉 to nearly face-on
can yield an even larger reduction factor, but at very small inclinations,
the isotropic velocity component (such as turbulence) in the BLR will
start to dominate the line width. These estimates are consistent with the
distribution in the 2D EV1 plane (Fig. 1). Although the exact values
of Imax and 〈I〉 will be different, the approximate agreement between
these simple estimates and observations is reassuring that our scenario
is correct.
Higher-Eddington ratio quasars (with higher RFe II) may drive
stronger outflows in both the broad-line region and the narrow-line re-
gion. This is in line with the following observations: (a) the velocity
offset of the wing component of [O III] is larger in quasars with higher
RFe II; (b) the fraction of quasars with broad absorption lines, which
likely arise from a disk wind (66, 67), seems to increase at the high-
RFe II end of EV1 (4), and broad absorption-line quasars usually have
weak [O III] lines; (c) the enhancement of torus emission relative to AD
emission at the high-RFe II end of EV1 may be caused by more efficient
disk winds that facilitate the formation of a dusty torus (68). In addi-
tion, we point out that FWHMHβ < 2000 kms−1 should not be the
sole criterion to define a distinct narrow-line Seyfert 1 population, as
done in some studies. If the narrow-line Seyfert 1 phenomenon (69) is
associated with one extreme end of EV1 (4), then the classification cri-
teria must also include strong optical Fe II lines as well as weak [O III]
emission.
Finally we comment on the implication of our framework on the
frequency of quasars with double-peaked broad-line profiles, dubbed
“disk emitters”, which are characteristic of line emission from a Ke-
plerian disk (70). The frequency of disk emitters is much higher in
radio-loud quasars (71) (∼ 10 − 15%) than in radio-quiet quasars (7,
72) (∼ 3%). Our framework suggests a flattened geometry for the
BLR in general, but only compact BLRs will show an apparent double-
peaked profile in disk models (70, 73), suggesting that the BLR in the
majority of quasars has a large extent in disk radii. Radio-loud quasars
are preferentially low-Eddington ratio systems compared to the general
quasar population (45), and hence their BLR size on average should
be relatively smaller (in units of the gravitational radius of the BH)
given the observed empirical relation between BLR size and luminosity
(27). This may explain why radio-loud quasars are more often to show
double-peaked broad-line profiles indicative of compact BLR disks.
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Figure E1 | Decomposed [O III]λ5007 luminosity. The left panel shows the core component and the right panel shows the wing component, for each composite
spectrum shown in Figure 2. Measurement errors are estimated using Monte Carlo trials of mock spectra generated using the estimated flux error arrays of the coadded
spectra. Both luminosities are normalized to the quasar continuum luminosity L5100, hence reflect the strength of [O III]. The core [O III] shows a prominent anti-
correlation with bothL5100 andRFe II , while the wing [O III] shows weaker anti-correlations withL5100 andRFe II . For both [O III] components there is no correlation
with FWHMHβ , as evidenced in Figures 1 and 2. The Baldwin effect and EV1 correlation for [O III] shown in Figure 1 and Figure 2 are then primarily associated with
the core [O III] component. The difference between the core and wing [O III] component may suggest different excitation mechanisms for both components.
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Figure E2 | Kinematic properties of the decomposed core and wing [O III] components. Measurement errors are estimated using Monte Carlo trials of mock
spectra generated using the estimated flux error arrays of the coadded spectra. The most significant correlations are the correlation between luminosity and the core
[O III] FWHM, and the correlations between the wing [O III] blueshift and luminosity/RFe II . The former correlation is consistent with the scenario that more luminous
quasars are on average hosted by more massive galaxies with deeper potential well, hence larger core [O III] width. The latter correlations are consistent with the
scenario that the wing [O III] component is associated with outflows.
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Figure E3 | Composite SDSS quasar spectra for several other lines in the same RFe II-FWHMHβ bins defined in Figure 1. As in Figure 2, each composite
spectrum has been normalized by the continuum such that the integrated line intensity reflects the strength of the line. The composite spectra for the Hβ region are
generated using the pseudo-continuum-subtracted spectra, while for the other three lines (Mg II, [O II], and [Ne V]) the composite spectra are the median spectrum
created using the full SDSS spectra and normalized at a nearby continuum window.
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Figure E4 | Distribution in the EV1 plane in terms of CIV properties. A sample of low-redshift quasars with both Hβ and CIV measurements is shown, color-coded
by the CIV strength. A clear trend of decreasing CIV strength with RFe II is seen, consistent with that seen for the other forbidden lines. The typical measurement
uncertainties in CIV EW is ∼ 7% (relative), hence is negligible compared to the strong EV1 trend observed.
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Figure E5 | Distributions of SDSS quasars in the EV1 plane in terms of the optical-infrared (r −W1) color. The left panel shows r −W1 for quasars with
0.4 < z < 0.8, for which the band shifting effect is small. We see a trend of increasing mid-infrared emission relative to optical emission with increasingRFe II . The
right panel shows a similar result, using the excess color, ∆(r−W1), the deviation of r−W1 color from the mean color at each redshift. The usage of ∆(r−W1)
removes the redshift dependence of colors, and we can apply this to all quasars in our sample. This test suggests that the torus emission is enhanced in quasars with
larger RFe II . Since we have argued that RFe II is a good indicator for the Eddington ratio, quasars with higher Eddington ratios have stronger torus emission, which
may have implications for the formation mechanism of the dusty torus.
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Figure E6 | A detailed look at the average optical-WISE color in the EV1 plane. The same bins defined in Figure 1 are used. Error bars are the uncertainty in the
mean, estimated by the standard deviation divided by the square root of the number of objects in the bin. At fixedRFe II , we see increasing relative torus emission when
FWHMHβ increases. This is consistent with the orientation scenario: larger FWHMs indicate more edge-on systems, which suffer more from geometric reduction (the
cos I factor) and/or dust extinction in the optical than in the infrared.
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Figure E7 | Distribution in the EV1 plane in terms of X-ray properties. The subset of our SDSS quasars with available measurements of their soft X-ray photon
index ΓX are shown. ΓX increases (becomes softer) with increasing RFe II , consistent with earlier findings3,5 .
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Figure E8 | The same EV1 plane as in Figure 1 in logarithmic FWHMHβ . The dashed lines show the running medium value as a function of RFe II and the dotted
lines show the 16% and 84% percentiles, for objects in different luminosity bins. The distribution of FWHMHβ at fixedRFe II roughly follows a log-normal distribution,
with a dispersion of ∼ 0.15 − 0.25 dex, which we argued mostly comes from orientation-induced variations. Lower-luminosity objects tend to have slightly larger
dispersion in FWHMHβ , possibly cased by a broader Eddington ratio distribution at lower-luminosities, which introduces additional dispersion in FWHMHβ .
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Figure E9 | Distributions of radio-loud and radio-quiet quasars in EV1 plane. The radio-loud population shifts to lowerRFe II and larger FWHMHβ , compared with
the radio-quiet population. We further divide the radio-loud quasars into core-dominant and lobe-dominant subsets, but we caution that our morphological classification
is very crude, and there is potentially a large mixture of true morphological types between the two subsamples. The core-dominant (more pole-on) radio quasars have
systematically smaller FWHMHβ compared with the lobe-dominant radio quasars, consistent with the hypothesis that orientation leads to variations in FWHMHβ . The
points with error bars are the median and uncertainty in the median in eachRFe II bin.
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Figure E10 | Distribution in the EV1 plane color-coded by the FWHM/σ ratio. The distribution has been smoothed over a box of ∆RFe II = 0.2 and
∆ log FWHMHβ = 0.2. We only show points for which there are more than 50 objects in the smoothing box to average. The black open circles show the
median FWHMHβ at fixed RFe II (using all objects in that bin), with the error bars indicating the uncertainty in the median. The transition in FWHM/σ reflects the
change in orientation of the broad-line region disk relative to the line-of-sight.
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